We used hydrologic models to explore the potential linkages between oil-field brine reinjection and increases in earthquake frequency (up to M d 3.26) in southeastern New Mexico and to assess different injection management scenarios aimed at reducing the risk of triggered seismicity. Our analysis focuses on saline water reinjection into the basal Ellenburger Group beneath the Dagger Draw Oil field, Permian Basin. Increased seismic frequency (>M d 2) began in 2001, 5 years after peak injection, at an average depth of 11 km within the basement 15 km to the west of the reinjection wells. We considered several scenarios including assigning an effective or bulk permeability value to the crystalline basement, including a conductive fault zone surrounded by tighter crystalline basement rocks, and allowing permeability to decay with depth. We initially adopted a 7 m (0.07 MPa) head increase as the threshold for triggered seismicity. Only two scenarios produced excess heads of 7m five years after peak injection. In the first, a hydraulic diffusivity of 0.1 m 2 s À1 was assigned to the crystalline basement. In the second, a hydraulic diffusivity of 0.3 m 2 s À1 was assigned to a conductive fault zone. If we had considered a wider range of threshold excess heads to be between 1 and 60 m, then the range of acceptable hydraulic diffusivities would have increased (between 0.1-0.01 m 2 s À1 and 1-0.1 m 2 s À1 for the bulk and fault zone scenarios, respectively). A permeability-depth decay model would have also satisfied the 5-year time lag criterion. We also tested several injection management scenarios including redistributing injection volumes between various wells and lowering the total volume of injected fluids. Scenarios that reduced computed excess heads by over 50% within the crystalline basement resulted from reducing the total volume of reinjected fluids by a factor of 2 or more.
INTRODUCTION
proposed that injection of oil-field brines into basal sedimentary rock reservoirs represents a key geologic factor related to triggered seismicity within the underlying crystalline basement. Fluid injection into a permeable, horizontally extensive reservoir allows for the rapid radial propagation of elevated fluid pressures outward from injection wells. In the absence of a basal confining unit, basal reservoir injection maximizes the amount of crystalline basement surface area exposed to elevated fluid pressures. If elevated fluid pressures within a basal reservoir encounter a relatively high-permeability fault (e.g., 10 À14 m 2 ) or if the bulk permeability of the crystalline basement is moderately high (10 À15 to 10 À16 m 2 ), then fluid pressures can propagate downward over a period of a few years and laterally away from the injection site. If elevated fluid pressures come into contact with a critically stressed fault, only a small pressure increase is needed to trigger seismicity (Barton et al. 1995; Townend & Zoback 2000) . Large, damaging, triggered earthquakes typically occur at depths of 4-6 km within the crystalline basement and up to 10-15 km away from the injection site (e.g., Keranen et al. 2013 Keranen et al. , 2014 Walsh & Zoback 2015) . The association between basal reservoir injection and induced seismicity within the underlying crystalline basement has been documented at a number of sites in Oklahoma and Arkansas (Table 1 ; Fig. 1 ; Keranen et al. 2013 Keranen et al. , 2014 Horton 2012) . There are also a number of instances of induced seismicity where injection occurred directly into the crystalline basement, such as in Ohio and Colorado ( Fig. 1 ; Table 1 , Hsieh & Bredehoeft 1981; Kim 2012) .
Prior studies have reported a wide range of fluid pressure increases thought to be associated with triggered seismicity (Table 1) . Hsieh & Bredehoeft (1981) found that the pressure threshold associated with triggered seismicity at the Rocky Mountain Arsenal near Denver was 320 m (3.2 MPa) at an average depth of about 5 km within the crystalline basement. Keranen et al. (2014) concluded that a pore pressure increase of 0.07 MPa was consistent with triggered seismicity in Oklahoma. Ge et al. (2009) estimated that filling of the Zipingpu dam with 200 m head of water (2 MPa) resulted in a relatively small head change of 2.5-5 m (0.025-0.05 MPa) at depths of 10-20 km below the land surface near the Wenchuan earthquake foci. Saar & Manga (2003) concluded that even smaller head changes (about 1 m or 0.01 MPa) were required to explain hydraulically induced earthquake swarms 4.5 km below Mt. Hood. Although oil-field operators are required to report injection pressures at the wellhead, this does not provide much insight into pore pressures deep within the crystalline basement where earthquakes occur. Most of the studies described above have had to rely on mathematical modeling to infer critical pressure conditions within the crystalline basement associated with induced seismicity due to the dearth of available pore pressure data.
Crystalline basement rock permeability can be inferred using a variety of methods, including hydraulic tests from deep boreholes (Brace 1984; Stober & Bucher 2007; Fig. 2) , fracture aperture measurements on outcrops (Snow 1968; Caine & Tomusiak 2003; Klimczak et al. 2010) , and temperature anomalies associated with regional groundwater flow systems within the crystalline basement (e.g., Forster & Smith 1989; Mailloux et al. 1999; Manning & Caine 2007; Pepin et al. 2015) . Synthesis studies of deep borehole hydraulic tests suggest that crustal permeability is scale dependent (Clauser 1992) and decays with depth (Stober & Bucher 2007 ) with non-negligible (10 À18 to 10 À19 m 2 )
permeability below the brittle-ductile transition (Manning & Ingebritsen 1999; Ingebritsen & Gleeson 2015 ; Fig. 2 curve A). Townend & Zoback (2000) argued that the presence of hydrostatic pressure conditions and numerous observations of temperature anomalies associated with fracture planes in deep boreholes indicate bulk permeability of crystalline basement rocks ranging between 10 À16 and 10 À17 m 2 on average. Petrologists, economic geologists, and geophysicists have argued for some time that permeability can behave dynamically within the crystalline basement. This transience takes the form of permeability increases due to seismic activity followed by permeability reductions as a result of fluid-rock interactions, such as pressure solution and mineral precipitation (Lowell et al. 1993; Manga et al. 2012) . Ingebritsen & Manning (2010) proposed that geologic forcing (e.g., regional tectonic stress) could increase crustal permeability by about two orders of magnitude ( Fig. 2 curve B) . It seems likely that the injection of large volumes of oil-field brines into basal reservoirs may provide hydrogeologists with new opportunities to constrain dynamic crystalline basement permeability. Southeastern New Mexico has experienced increased seismicity between 1999 and 2012 within the Permian basin adjacent to the Dagger Draw oil field (Edel et al. 2016; Figs 3 and 4) . Seismicity within the crystalline basement in this region occurs at depths that range from 5 to 19 km, with a mean depth of 11 km (Edel et al. 2016; Fig. 1A) . The epicenter of the seismicity occurs about 85 km from the low-level nuclear Waste Isolation Pilot Plant near Carlsbad, NM (WIPP, blue circle in Fig. 3A) . Beneath the Dagger Draw oil field, saline water is injected into the basal Ellenburger carbonate reservoir, which rests unconformably on the crystalline basement. There are relatively high injection rates (over 1 million barrels per month) in wells within 20 km of the seismic cluster (Fig. 3B) . In their analysis of seismicity across the USA, Weingarten et al. (2015) inferred from analysis of regional data sets that there is a significant correlation between induced seismicity and high injection rates (>300 000 barrels per month). The relationship between seismicity and brine injection is less straightforward in southeastern New Mexico than with some of the above examples listed in Table 1 . Typically, one expects to see a close temporal correlation between seismicity and fluid injection (e.g., Hsieh & Bredehoeft 1981) . In the case of the Dagger Draw oil field, peak injection occurred in 1996. Seismicity increased around 2001, 5 years after peak injection (Fig. 4A ). Limited regional seismic observations go back to the mid1970s, with a larger network of 7-9 stations in place by 1998. Relocation of recent seismicity suggests hypocenters in this region are deeper (Fig. 5) than any of the other published instances of triggered seismicity (Table 1) . Finally, the hypocenter of the seismicity is not directly beneath the oil field but is 15 km to the west (Figs 1A and 3B) . Many of the epicenters line up in a more or less north-south trend (Figs 3A and 5) . In some scenarios presented below, we consider the effects of a north-southoriented conductive fault zone west of the Dagger Draw oil field.
DAGGER DRAW OIL FIELD GEOLOGY, PRODUCTION, AND INJECTION HISTORY
The Dagger Draw oil field lies on the edge of the Permian Basin in southeastern New Mexico. Production began in 1969 ( Fig. 4A) primarily out of the Canyon (Missourian) and Cisco (Virgilian) Groups that, in the Dagger Draw field, consist of upper Pennsylvanian reefal limestones (Broadhead 1999 Hydraulic diffusivities derived from model reconstructions of triggered seismicity studies and inferred from geophysical, petrological, and geophysical data (black and blue lines). The red permeability-depth curve is from Manning & Ingebritsen (1999) . The blue permeability decay curve is from Ingebritsen & Manning (2010) . The permeability axis assumes a specific storage coefficient of 10 À6 m
À1
. The gray boxes are hydraulic diffusivities reported in this study for the Dagger Draw oil field in southeastern New Mexico. to the southeast in Texas (Fig. 6; Wright 1979 (Cox et al. 1998; Broadhead 1999) . In our numerical sensitivity study, we assign permeabilities to the Ellenburger ranging from 10 À14 to 10 À12 m 2 . If bulk permeability is higher than 1000 mD due to the karst-and solution-enhanced porosity, the results presented (using 10 À12 m 2 ) here would be an upper bound on calculated excess pressures. Initial oil and produced water production was low until the early 1990s when the field was redeveloped. Peak production was in 1996 and the field has seen declining production ever since. The Dagger Draw field initially consisted of two fields, Dagger Draw North (DDN) and Dagger Draw South (DDS; Fig. 3B We focus our analysis on 83 reinjection wells within 20 km of the seismicity in Eddy County, New Mexico. Oil and water production data were taken from New Mexico Oil Conservation Division reports as well as the GoTech database (2004 GoTech database ( -2013 . Monthly production data of oil, gas, and water were summed for all wells in each township/range section and then compared to the monthly earthquake frequency (M d > 2; Fig. 4A ). For our modeling effort, the 83 individual oilfield brine reinjection wells were lumped into 15 regions (injection nodes) by township and range (Table 2) . That is, the 83 injection wells were represented by consolidating them into 15 injection nodes in our model. For some injection nodes, peak reinjection rates exceeded 1 million barrels per month (Fig. 4B) . The approximate center of seismic activity coincides with T20S R23E in western Eddy County NM, 15 km west of the Dagger Draw oil field (Fig. 3) . (Fig. 4A) . Edel (2015) hypothesized that a conductive fault zone with a variable dip between 45 and 80 may provide a conduit for elevated fluid pressures. Given the long lateral distance (15 km) and large depth (11 km) between the earthquake hypocenters and the Dagger Draw oil field injection wells, it seems plausible that a significant lag occurred between the time of peak injection and the time when seismicity increased.
PURPOSE OF STUDY
The main goal of this study is to assess what reservoir and crystalline basement permeability scenarios could produce a 5-year time lag of fluid pressure increases above 0.07 MPa (7 m of excess head) at a depth of 11 km in the crystalline basement to the west of the Dagger Draw oil field. We do not have measured pressure data within the crystalline basement beneath the Dagger Draw oil field to establish the 7 m head threshold. However, this head value falls within the range of what has been used by prior studies as a triggered seismicity threshold. A secondary goal of this study was to assess different pressure management scenarios that might reduce pressures within the crystalline basement by redistributing and/or lowering the injection rates at various reinjection wells. In the absence of pressure data within the crystalline basement, hydrologic modeling represents a powerful tool to address these questions. However, hydrologic model results are nonunique and cannot be validated (Konikow & Bredehoeft 1992; Oreskes et al. 1994) . There is also uncertainty in representing permeability of the crystalline basement as a bulk parameter as opposed to a discrete fracture network.
METHODS
We developed a three-dimensional hydrogeologic model to simulate injection into the Ellenburger Group at Dagger Draw ( Fig. 7) and pressure diffusion into the crystalline basement using the United States Geological Survey's groundwater model, MODFLOW (Harbaugh & McDonald 1996) . Bulk crystalline basement permeability is related to the square of the aperture spacing of interconnected fracture planes (Snow 1968; Schwartz & Zhang 2003) .
Because of the large spatial length scales represented in this study, it was not computationally possible to represent a distributed fracture network (Bogdanov et al. 2003; Neuman 2005) . MODFLOW solves the following groundwater flow equation:
where h is the freshwater hydraulic head
], and t is time [t] . We imposed a constant head boundary (h = 1100 m) along the top of the model domain (Fig. 7) . This value represents an average land surface elevation for this part of the Permian Basin. We did this so that the effects of injection could be more conspicuous. Additionally, a specified head boundary condition was set along the north, west, south, and west-northeast side boundaries (h = 1100 m). If we had imposed head gradient across the model domain's lateral boundaries reflecting topographic variations in the water table, then it would have been more difficult to visualize head changes due to injection as opposed to head changes cause by lateral flow. A no-flux boundary was set along the base of the model and along the southwest boundary, where a relatively large displacement fault was observed in the surface geologic map of Eddy County, NM. The no-flux boundary allows heads to build up higher than they would if the fault was absent. Overall, these boundary conditions are somewhat idealized. We set the domain far enough away from the injection wells that, with the exception of the no-flux southwest boundary, the simulated head increases were not significantly affected by the constant head boundaries.
The total vertical thickness of the model is 21.1 km. In plan view, the model domain footprint is 200 9 200 km. A uniform lateral grid discretization was used in this study. Preliminary simulations using locally refined (telescoping) grids failed to converge when large permeability contrasts were represented. When a uniform grid was used, no convergence issues were encountered. We used a total of 95 columns, 100 rows, and 24 layers to represent the basin sedimentary rocks (maximum depth 4.4 km) and the underlying crystalline basement. Using a uniform grid allowed us to represent a greater than five order of magnitude contrast in hydraulic conductivity between the Ellenberger reservoir (0.86 m day À1 ) and the Barnett Shale (0.000003 m day À1 ). Each finite difference cell had lateral dimensions of about 2.1 by 2.3 km (Dx by Dy, respectively). Vertical cell size varies considerably. We lumped the Barnett and Woodford Shales into a single 100-mthick confining unit that was discretized using five layers (Dz = 20 m). We lumped the Ellenburger Montoya, Fusselman, and Wristen carbonate units into a single layer. The layer thickness varied from 1 to 247 m with an average thickness of 85 m. All injection took place in this layer. A total of 15 layers were used to represent the crystalline basement. The thickness of each crystalline basement layer varied from about 870 m to 1280 m. An important concern when using numerical models is whether or not the solution domain is sufficiently discretized to accurately capture the hydrodynamics of a given problem.
If increasing grid refinement causes significant changes in computed hydraulic heads, then the discretization should be increased. To assess how grid size affected simulated heads, we varied the lateral discretization by a factor of three (see Appendix S1 for details). We found that increasing the lateral discretization of the reservoir from about 2 km on a side (100 9 100 cells) to about 730 m on a side (300 9 300 cells) resulted in a 20% increase in the maximum computed heads in the injection well centers. Near the no-flow boundary, head changes were largely unchanged for the three model runs (see Appendix S1).
Because some of the earthquake hypocenters lined up, more or less, along a subvertical planar surface (Fig. 5) , we constructed two hydrologic models that included a relatively permeable (10 À14 to 10 À15 m 2 ) vertical fault plane.
These two simulations included a north-south trending vertical fault zone of one cell width and 46 km in length (north-south) within the crystalline basement. The models were run using a time step of 1 month for 45 years (540 months) between 1969 and 2013 using production data from the reinjection wells within a 20 km radius of the seismic cluster. Monthly oil-field brine production from the 416 production wells were reinjected into the Ellenburger group limestone layer using 15 wells for each model simulation. The maximum and average injection rates for each of the 15 well centers are listed in Table 2 .
We systematically varied the permeability of the crystalline basement and reservoir in a sensitivity study to determine what range of permeabilities could plausibly lead to head changes that could trigger seismicity (Table 3) . The specific storage was not varied in the sensitivity study between model runs nor was the permeability of the three uppermost units (Table 4) . Cross-sectional and plan view model results are discussed below for 15 scenarios. We monitored head changes at 11 km depth in the center of the region of seismicity and within the Ellenburger Group (red dots in cross section at the bottom of Fig. 7) .
RESULTS

Effects of crystalline basement permeability variations (Scenarios 1-4)
We begin our analysis by considering how variations in bulk crystalline basement permeability affect the downward propagation of the fluid pore pressure. We varied the bulk permeability of the crystalline basement from 10 À15 to
The permeability values we have used in this study are one order of magnitude higher than what are considered typical conditions by Townend & Zoback (2000) for the crystalline basement.
While our model is three-dimensional, we focus our analysis on the head changes within the crystalline basement along an east-west cross section A-A 0 (Fig. 7) . In all simulations, pore pressure increases are due to oil-field brine injection within the Ellenburger Group (including the Montoya, Fusselman, and Wristen carbonates) over the time period between 1969 and 2013 (Fig. 8) . Production in the overlying Pennsylvanian limestone reservoir unit was neglected. In all of these simulations, the Ellenburger permeability is set at 10 À12 m 2 and the overlying confining 
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*Simulation uses observed pumping history shown in Fig. 4A . † Simulation uses monthly average pumping rate assigned to each well. ‡ Simulation uses weighted pumping rate. Wells closest to the southwestern no-flux boundary are assigned a lower pumping rate. Wells furthest from the no-flux boundary see their pumping rates increased. § Simulation uses reduced (in percent) pumping rates relative to the observed levels.
unit (including the Hueco Formation, Woodford, and Barnett Shales) was set at 3 9 10 À18 m 2 .
The depth of the pressure envelope propagation (here estimated using the 7 m head contour) into the crystalline basement is strongly controlled by crystalline basement permeability. For all scenarios, pore pressure propagation continues downward after peak injection in 1996 ( Fig. 8A-C) and when seismicity began to increase in 2001 ( Fig. 8D-F ). The 7 m excess head contour extends to a depth of about 4 km below the base of the Ellenburger in 2001 when the crystalline basement permeability is set to 10 À16 m 2 (Fig. 8D ). When the permeability of the crystalline basement was increased to 3 9 10 À16 m 2 ( Fig. 8E ), the 7 m excess head contour extends to 10 km below base of the Ellenburger in 2001. When permeability is increased to 10 À15 m 2 , the 7 m excess head contour extends to 12 km below the base of the Ellenburger, extending beyond the centroid of seismicity at the monitoring point located at 11 km depth (Fig. 8F) . Simulated injection pressure within the crystalline basement at the monitoring point at 11 km depth (i.e., the centroid of seismicity) for these three simulations is presented in Fig. 9 . Using a bulk basement permeability of 10 À15 m 2 resulted in excess heads reaching about 7 m five years after peak injection. For this scenario, excess heads continued to build up to 30 m by 2013 (16 450 days). Using a bulk crystalline basement permeability of 3 9 10 À16 m 2 required 17 years beyond the time of peak injection (1996) for excess heads to build up to 7 m at the centroid of seismicity. When the crystalline basement permeability was set at 10 À16 m 2 , the results showed that excess heads of only 1.5 m above hydrostatic conditions by the end of the simulation in 2013.
Computed excess heads within the reservoir at the monitoring point 5 km to the east of the injection wells within the Ellenburger reservoir decline from about 280 m to 260 m as the crystalline basement permeability increases from 10 À16 to 10 À15 m 2 (Fig. 10) . This is presumably due to increased leakage of fluids into the crystalline basement. For both cases, there is little discernable lag time between peak injection in 1996 and the timing of maximum pressure within the reservoir (Fig. 10) . Maximum reservoir heads (not shown, 600 m) were about 100 times higher than head levels within the crystalline basement at a depth of 11 km (Fig. 9) . Overall, peak reservoir fluid pressures decreased due to vertical leakage as crystalline basement permeability increased from 10 À16 to 10 À15 m 2 in the simulations (Fig. 10) .
Effects of reservoir permeability variations (Scenarios 5-7)
We next considered the effects of varying reservoir permeability (Ellenburger Group) while holding the bulk crystalline basement permeability constant (10 À15 m 2 ). As ), there is a significant overlap in pressure envelopes between individual injection centers as well as a maximum head of about 600 m (Fig. 11A,D) . As reservoir permeability decreased to 10 À14 m 2 , simulated reservoir heads exceeded 2000 m at the injection well centers. This would have exceeded the permitted injection pressures for many of the wells within the Dagger Draw oil field (1520 m to 1670 m). As the contrast between reservoir and crystalline basement permeability decreases, lateral pressure propagation within the reservoir decreases and the pressure envelope becomes much more spherical in shape (compare Fig. 12A-C) . Reduction in reservoir permeability had surprisingly little effect on the magnitude of the pressures within the crystalline basement as well as the timing of the head increase associate with earthquake triggering (Fig. 13) .
Effects of conductive faults and permeability decay with depth (Scenarios 8-10)
Treating permeability as a constant to a depth of 20 km seems a bit contrived for Precambrian crystalline rocks. As noted above, we assume that crystalline basement permeability can be represented as a bulk continuum property. Although questioned by some (e.g., Ranjram et al. 2015) , numerous studies argue that permeability decreases with depth (Manning & Ingebritsen 1999; Stober & Bucher 2007; Ingebritsen & Manning 2010) . In two scenarios, we allowed crystalline basement permeability to decay with depth using the relationship presented by Manning and Ingebritsen (1999) and Ingebritsen & Manning (2010) :
where k is permeability of the crystalline basement in m 2 and d is depth in km. Equation 2b is considered more applicable to stable continental crust while 2a is considered to be more representative of the crust in tectonically active regions. The Permian Basin in SE New Mexico is considered to be a tectonically stable region. It is unclear whether or not elevated fluid pressures associated with brine reinjection could have a similar effect on seismicity as elevated tectonic stresses. We also considered the presence of a vertical conductive fault (between 10 À14 and 10 À15 m 2 ) centered in the region of increased seismicity (Fig. 14A ,B,E,F). The fault zone was surrounded by a lower-permeability crystalline basement (10 À16 m 2 ). As noted above, it is plausible that the clustering of earthquake epicenters along a north-south region may be indicative of a wide conductive fault zone. The presence of a permeable fault zone surrounded by a lower-permeability crystalline basement matrix (10 À16 m 2 ) facilitated the propagation of elevated pore pressures downward along the fault to the base of the model domain. The pressure anomaly extended outwards perpendicular to the fault zone (Fig. 14A ,B,E,F). The depth of propagation of the pressure front in the fault zone is sensitive to fault permeability (compare Fig. 14A,B) . Using a fault permeability of 10 À14 m 2 allowed the pressure front to propagate downward to a depth of 11 km relatively quickly. For this scenario, excess heads exceeded the 7 m threshold even before peak injection occurred (Fig. 15) .
Had we used a critical head threshold of 50 m, this scenario would have produced a 5-year lag between peak injection and seismicity. Using a fault permeability, one order of magnitude lower (10 À15 m 2 ) resulted in modest head increase of less than 1 m during the simulation period (Fig. 15) . We also ran one additional scenario setting the fault permeability equal to 3 9 10 À15 m 2 . This intermediate fault permeability scenario was able to reproduce both the 5-year lag and the 7 MPa pressure increase. Next, we explored two scenarios of permeability decreasing with depth. In the first scenario, the permeability decayed from 10 À12.8 to 10 À17.3 m 2 (Fig. 14C,G ). This scenario is consistent with crustal rocks in tectonically active regions (Ingebritsen & Manning 2010) , and we refer to this as the Ingebritsen-Manning (Ing-Man) scenario. In a second scenario, more consistent with a stable continental crust (Manning & Ingebritsen 1999) , the permeability was varied from 10 À14.8
to 10 À19.3 m 2 ( Fig. 14D,H) . We refer to this as the Manning-Ingebritsen scenario (Man-Ing). The Ingebritsen-Manning scenario (dynamic crust) permitted the propagation of pore pressures in excess of 7-m downward to the centroid of seismicity by 2001 (Fig. 14G) . This was not the case for the Manning-Ingebritsen (stable crust) scenario (Fig. 14H) . However, neither the Manning-Ingebritsen (Man-Ing, Fig. 15 ) nor the Ingebritsen-Manning (IngMan, Fig. 15 ) crystalline basement permeability scenarios predicted head increases of 7 m 5 years after peak injection at the centroid of seismicity (Fig. 15) . It is likely that some intermediate permeability-depth decay relationship in between those presented in Fig. 14 would result in a head change of 7 m, 5 years after peak injection at the centroid of seismicity.
Pressure management scenarios (Scenarios 11-13)
Oil-field brine reinjection wells are typically repurposed from exploration boreholes or wells from mature oil fields that are no longer productive. Their proximity to active production wells is one of the key factors in deciding which wells are used for reinjection of oil-field brines. Transportation expenses required for trucking or piping produced fluids from an active production well to the reinjection well is one of the main costs of reinjection. As noted above, the volumetric fluid injection rate is clearly an important factor in triggering seismicity (Keranen et al. 2014; Walsh & Zoback 2015; Weingarten et al. 2015) .
Within the carbon capture and subsurface storage community, it has been proposed that basin-scale injection of CO 2 will lead to elevated pore pressures (Person et al. 2010) and this could result in induced seismicity (Zoback & Gorelick 2012) . Management strategies have recently been proposed to reduce high pressures in reservoirs where supercritical CO 2 is being injected in order to prevent hydraulic fracturing and vertical (upward) leakage of saline fluids (Buscheck et al. 2012) .
Here, we consider the potential benefits of redistribution and reduction of injection rates to minimize downward fluid propagation and the buildup of fluid pressures within the underlying crystalline basement. In all of these scenarios, the permeability of the crystalline basement was set at 10 À15 m 2 and the Ellenburger reservoir permeability was set at 10 À12 m 2 . The 'base case' (Base), which is used for comparison purposes, is identical to the earlier scenario presented in Fig. 11A ,D (reproduced here in Fig. 16A,D) . We ran four simulations considering three different injection and redistribution strategies.
In the first two cases, we redistributed the volume of fluid injected at the 15 reinjection wells. The total volume of fluids injected per time step into the Dagger Draw oil field was the same as in all base case. In the first management scenario considered (Fig. 16B,E) , all of the 15 injection well centers used the same average injection rate ('Ave') per time step. In this scenario, peak injection still occurs in 1996, but the injection rates are evenly distributed across all the wells at any given time step. Relative to the base case, this resulted in injection rates decreasing in some wells and increasing in others. The computed reservoir head distribution does not change dramatically from the base case ('Obs', Fig. 17 ), but the maximum head changes quite significantly (i.e., contours above 400 m are absent in Fig. 16B,E) . Within the crystalline basement, heads are only reduced by several meters due to this redistribution in injection rates (Fig. 17) . Next we weighted the injection rates such that wells closest to the southwestern boundary fault (i.e., the no-flow boundary) received about half as much oil-field brine as wells furthest away (to the northeast). This was done by creating weights for each well's pumping rates and injection rates that vary linearly with distance from the southwest boundary. As with the 'Ave' scenario, the total amount of fluids injected remained the same as in the base case. The computed excess head increase at the centroid of seismicity is only two meters less than the 'Ave' scenario (Wgt, Fig. 16C,F ; Wgt line, Fig. 17 ). This was somewhat surprising. Reducing injection rates by 50% and 90% had the most dramatic decrease in simulated fluid pressure at the crystalline basement monitoring point (lines 50% and 90%, Fig. 17 ). These results argue that it is not how you inject but how much you inject that plays the most important role in pressure management. These results indicate that managing rates and volumes of injectate are critical to reducing the potential of induced seismicity.
DISCUSSION
How do our estimates of crystalline basement permeability reported here compare to the other modeling studies that have tried to estimate fluid pressures within the crystalline basement? Figure 2 presents crystalline basement hydraulic diffusivity versus depth comparing our results (gray boxes) to those from Hsieh & Bredehoeft (1981) and Keranen et al. (2014) . We also included crystalline basement hydraulic diffusivity estimates from studies that investigated triggered seismicity not related to saline water reinjection including Saar & Manga (2003) and Ge et al. (2009) . We used hydraulic diffusivity rather than permeability because pressure diffusion rates are controlled by both permeability and rock/fluid compressibility (and hence, specific storage). The hydraulic diffusivities (K/S s ) reported in this study for the bulk crystalline basement and for a conductive fault zone are about 1-2 orders of magnitude lower than those reported by prior studies of triggered seismicity associated with brine reinjection. They are in the same range as those reported by Saar & Manga (2003) and Ge et al. (2009) . This seems plausible since the centroid of seismicity is 15 km to the west of the Dagger Draw oil field and is deeper than the triggered seismicity reported at these other sites (Table 1) . Only two scenarios presented above produced elevated pore pressures above 7 m five years after peak injection. None of the scenarios presented resulted in a head increase greater than 65 m five years after peak injection in 2001. If we had relaxed the 7 m metric for triggered seismicity and assumed an elevated head increase between 1 and 60 m could trigger seismicity, then several additional permeability scenarios would have satisfied the 5-year lag time criteria. Using this approach, we find a range of permeability scenarios that could satisfy our criteria. These included a permeability range between 10 À15 and 10 À16 m 2 assuming a homogeneous crust and 10 À14 and 10 À15 m 2 for a conductive vertical fault along which pressure could migrate downward. Allowing permeability to decay with depth between 10 À12.8 and 10 À17 m 2 (Ing-Man, Fig. 15) would also have produced excess head of about 15 m at 11 km depth, 5 years after peak injection. How accurate are the estimates of maximum excess heads reported here? As noted in the methods section, we used a relatively coarse grid (Dx = 2.1 km, Dy = 2.3 km) in this study. Actual wellhead pressures could be 20% higher than what is reported if a more refined grid was used (Dx = Dy = 0.7 km). It has also been known for some time that numerical models systematically under predict wellhead pressures. We can obtain a better estimate of actual wellhead pressure using a Peaceman correction (Peacman 1983):
where Dh well is the estimated drawdown (positive) at the well, Dh cell is the computed drawdown (initial -current head; positive) at the cell, r is the distance from the well to the cell, and Dx is the cell dimension. If we consider the worst case scenario and assume that the injection well very close to the finite difference node (here we assume 14 cm), and use the conditions described in the above base scenario for the Ellenburger group (permeability = 10 À12 m 2 , S s = 10 À6 m À1 ), with a maximum pumping rate of 10 6 barrels/month (52 300 m 3 day À1 ), this would result in a maximum wellhead increase of 98 m above the computed nodal head. As the maximum nodal head for the base case scenario is about 600 m, the maximum wellhead increase for the base case scenario would be about 700 m which is still below the permitted wellhead pressures for the Dagger Draw oil field (1520-1670 m). This is not the first study to propose that a lag may exist between injection and seismicity-a similar lag between increases in injection and the onset of seismic activity was observed near Jones and Prague, Oklahoma (Walsh & Zoback 2015) . Ge et al. (2009) reported that there was a 2.7 year lag between the filling of the Zipingpu Reservoir and the Wenchuan earthquake (M w = 7.9) which occurred at an estimated depth of between 10 and 20 km. If the Dagger Draw seismicity is in fact induced by the injection of the oilfield wastewater, then it represents the deepest example of triggered earthquakes associated with brine reinjection into basal sedimentary reservoirs to date.
Trying to reduce pore pressure buildup by optimizing reinjection rates, either by injecting at the same volume of fluid at each well or decreasing the injection rates in wells closest to a no-flow boundary, was found to have a second-order effect on simulated fluid pressure increases at the crystalline basement monitoring point. More dramatic Fig. 17 . Computed changes in excess head through time in response to different injection strategies evaluated at crystalline basement monitoring point shown in inset. Lines show simulated excess heads for different injection scenarios including the observed injection rates (Obs), the average injection rates (Ave), weighted injection rates (Wgt) with higher weights given to wells located furthest from the (southwest) no-flow boundary, a fifty percent reduction in the observed injection rates (50%), a 90% reduction in the observed injection rates (90%). In all model runs, the permeability of the crystalline basement was 10 À15 m 2 and the one of the pressure maintenance scenarios involving significant reduction (by 50%) in the volume of injected fluids would need to be considered. Reduction in the volumes of reinjected fluids through desalination of oil-field brines represents an attractive management option in the water-scarce Southwestern USA (Balch & Muraleedharan 2014) . Balch & Muraleedharan (2014) pilot desalination study estimated that the cost of disposal of produced oilfield brines dropped from as high as $2.5/barrel to $0.31/barrel.
CONCLUSIONS
Hydrologic modeling was used to in this study to test the hypothesis that increased rates of seismicity at 11 km depth within the crystalline basement 15 km west of the Dagger Draw oil field is the result of saline water injection into the basal Ellenburger reservoir. We considered several scenarios including assigning an effective or bulk permeability value to the crystalline basement, including a conductive fault zone surrounded by tighter crystalline basement rocks, and allowing permeability to decay with depth. We found that the observed lag time between peak injection in 1996 and the onset of increase seismicity in 2001 can be explained by the time required for the pressure front to migrate through the crystalline basement.
We assumed a 7 m head increase as a threshold for induced seismicity. The 5-year lag time helps constrain the permeability of the crystalline basement. If the crystalline basement was assigned a bulk permeability higher than 10 À15 m 2 , then delay between peak injection and seismicity would have been shorter than 5 years. Choosing a bulk permeability less than 10 À16 m 2 would not permit pressures to build sufficiently to induce seismicity. If a permeable fault zone is present, its permeability needs to be about 3 9 10 À15 m 2 . We also tested several different pressure management scenarios varying the injection rates in wells as well as reducing the total volume of fluid injected. Pressure management scenarios that reduced computed excess heads by over 50% within the crystalline basement resulted from reducing the total volume of reinjected fluids by a factor of 2 or more. Redistributing the volume of injected fluid between individual wells did not have a significant impact on fluid pressures within the crystalline basement.
